Over the past decade, a large number of discoveries have shown that interventions (genetic, pharmacological, and nutritional) increase the lifespan of invertebrates and laboratory rodents. Therefore, the possibility of developing antiaging interventions for humans has gone from a dream to a reality. However, it has also become apparent that we need more information than just lifespan to evaluate the translational potential of any proposed antiaging intervention to humans. Information is needed on how an intervention alters the "healthspan" of an animal, that is, how the physiological functions that change with age are altered. In this report, we describe the utility and the limitations of assays in mice currently available for measuring a wide range of physiological functions that potentially impact quality of life. We encourage investigators and reviewers alike to expect at minimum an overall assessment of health in several domains across several ages before an intervention is labeled as "increasing healthspan. " In addition, it is important that investigators indicate any tests in which the treated group did worse or did not differ statistically from controls because overall health is a complex phenotype, and no intervention discovered to date improves every aspect of health. Finally, we strongly recommend that functional measurements be performed in both males and females
so that sex differences in the rate of functional decline in different domains are taken into consideration.
Key Words: Healthspan-Lifespan-Physiological function-Age.
Our understanding of the biological underpinnings of the aging process has skyrocketed in the last couple of decades, to the point where research has moved from a primarily descriptive phase through a mechanistic phase and is now poised to enter an intervention phase. Most of the advances have been based on the use of a few animal models-yeast, Caenorhabditis elegans, Drosophila melanogaster, and rodents (rats and mice). Longevity and/or lifespan-in particular, an increase in both mean and maximum longevity-has traditionally been the method through which an intervention is deemed successful, or not, in altering the aging process. Longevity gives investigators a simple, unambiguous end point (the individual is either alive or dead); however, it does not allow one to evaluate the effect of aging or an antiaging intervention on the physiological functions of the organism. It is generally assumed that if an intervention increases the mean and maximum lifespan of an organism, then the intervention has delayed aging. Implicit in this assumption is that the agedependent decline in physiological functions has been delayed and/ or improved. Although this is a plausible assumption and may be true for dietary restriction and possibly for dwarf mice, it is critical that investigators obtain a broad spectrum of health assessment data to evaluate the translation potential of any new interventions to humans.
Over the past decade, the emphasis on healthspan in a human context is often defined as the length of adult life during which a person can perform all activities of daily living (dressing, bathing, eating, toileting, transferring) and instrumental activities of daily living (finances, shopping, transportation, food preparation, managing medications, using the telephone). From this perspective, it is clear that longevity and health are not inevitably linked. For example, women live longer than men in virtually every culture, yet they are more often sick, make more doctor and hospital visits, are more often disabled, and are less likely to live independently later in life than men (1) . In fact, since 1990, life expectancy in the United States has increased by 3.0 years, but healthy life expectancy has increased by only 2.3 years (2) , showing that lifespan and healthspan are not necessarily as intimately linked as sometimes argued. This is not an easy concept to extend to experimental animals that face relatively few physical or mental challenges. Although invertebrate models have proven particularly useful in genetic studies, they are of limited utility when studying health, physiology, or disease susceptibility. However, such assessments are in principle possible in mice, and assessment of mouse health was the focus of a conference held in Bandera, TX on October 18-21, 2012.
It should be clarified from the onset that while we recognize that the mouse is not the only mammalian model for aging research, mice are the most common mammalian model used in biogerontology. Features that make mice highly attractive for studying aging in a mammalian system are their relative ease of breeding and genetic manipulation, low cost, and short lifespan. Whether such a short-lived mammalian model accurately reflects the biology of aging in long-lived humans is a plausible concern, and some aspects of aging and disease are likely to be difficult to study in rodents and similarly short-lived species. Also the pattern of disease susceptibility with age differs among mice, which are particularly prone to cancer, and humans where heart disease is the primary mortality factor. Nevertheless, as a first-pass mammalian model, however, the mouse remains the animal of choice, and this makes defining parameters of health across the lifespan in mice critical to evaluating the potential human relevance of a putative antiaging intervention. In the same vein, much has been discussed about the fact that so much of biomedical research (in all fields, not just aging) is based on the use of a single sex of one or two inbred model organisms, such as, male C57BL/6 mice. Because both sex and genetic background can have a marked effect on longevity as well as on physiological functions and the types and severity of end-of-life pathology, it is imperative that interventions be studied in both sexes, and in mice with heterogeneous genetic backgrounds, or at least in several inbred mouse strains.
Although the majority of mice appear to die of (or at least with) cancer, they also show a constellation of functional losses as they age, that in some aspects resemble those observed in humans, such as reduction in mobility and physical activity levels. However, each species also has idiosyncratic aspects to its aging [the "private mechanisms" originally described by Martin (3)]. So, while it is important to identify processes that are common to humans and mice, it is equally important to identify those that are not. Studying humanrelevant phenotypes in mouse models is valuable even if the process under study does not influence the health or lifespan of the mouse in captivity (eg, studying cardiovascular disease or neurodegeneration). Conversely, there are mouse-specific aging traits, such as olfaction, while not an important role in functional decline in humans, nevertheless it is important within the context of the functional status of a mouse. As long as the mouse is used as a model of aging, it would be a mistake to dismiss these functions as irrelevant because the rate of deterioration as a consequence of a given manipulation should be informative about the processes of aging regardless of whether an equivalence exists between mouse versus human aging morbidity or mortality.
In contrast to humans, where geriatricians generally agree on a definition of healthspan, there is little agreement or a consensus on the definition of healthspan for mice. If we were to use a definition analogous to that used for humans, healthspan would mean the period of life when the mouse is able to move around, feed itself, and care for itself in terms of grooming, etc. This limited range of murine "activities of daily living" is obviously an artifact of captive husbandry. However, in laboratory mice, even these activities are altered primarily in the last few days/weeks of life and are rarely measured. So the measurement of healthspan necessarily has to be different for mice. It is unlikely that any given intervention will positively affect all physiological functions and responses. For example, in dietary restriction, the best studied antiaging paradigm, a significant body of literature indeed supports the notion that the increase in lifespan is largely accompanied by an improvement in health and increased resistance to degenerative disease (4, 5) . However, even in this well accepted paradigm, there are multiple tests of health in which restricted animals perform less well than controls. Notably, dietary restriction renders mice more susceptible to stresses whose resolution requires a significant output of energy, such as wound healing and influenza or some bacterial infections (6) (7) (8) . Therefore, it is crucial that future investigators exert utmost care in defining which aspects of health and tissue function are modified and in which direction for any proposed intervention that extends lifespan.
Assays of healthspan in mice
At the Bandera conference, along with follow-up discussions among the conference participants generated a list of suggested assays for assessing seven physiological domains of function/ health that have been shown to decline with age. We consider these to be some of the most important in assessing the health status, or healthspan, of mice. The seven domains of function/health are activity and energetics/metabolism, skeletal muscle function, cardiopulmonary function, inflammation and immune function, sensory function, cognition, and pathology. The specific assays for each domain are described in the Supplementary Material, including the difficulty of performing the assay, whether an antiaging intervention has been shown to delay/reverse the age-related changes, and the corresponding assay used to assess functional status in elderly humans.
As shown in the Supplementary Material, a large number of assays are currently available to study how a genetic, nutritional, or pharmacological manipulation alters a wide spectrum of physiological functions in mice, many of which change with age. The authors encourage investigators and reviewers alike to expect at minimum an overall assessment of health in several domains across several ages before a manipulation is labeled as "increasing healthspan." In the past 2 years, several studies have been published using a combination of assays to describe frailty in mice (9-11). For example, Liu and colleagues (10) used a combination of grip strength, walking speed, rota-rod performance, and voluntary wheel running to develop a score for frailty in C57BL/6 male mice, showing the power of using a combination of assays to assess healthspan. Graber and colleagues (12) also developed a scoring system that would allow investigators to assess neuromuscular healthspan in mice. Recently, it has been demonstrated that 6 months of resveratrol treatment or lifelong 40% calorie restriction reduced the Frailty Index in C57BL/6 male mice (13) .
It is important that publications describing healthspan assessment include any tests that were performed in which the treated group did worse than controls, or in which the treated animals did not differ statistically from controls. Overall health is a complex phenotype, and no intervention discovered to date improves every aspect of health. Too often, studies have used one or two measures of physiological function at one age (often a relatively young age) to claim that an intervention alters healthspan, but this interpretation is difficult without knowing the assays that did not show improvement under the treatment. Of course, an all-inclusive characterization of all relevant parameters is not feasible as a first step in determining whether an intervention may have an antiaging phenotype. However, as the aging community identifies more and more manipulations that increase the lifespan of mice, we propose that a comprehensive analysis over a wide variety of different physiological domains and pathology in diverse tissues should be made for the most promising manipulations because it is unlikely that an intervention will affect all or even most tissues/physiological functions similarly and positively. Because aging results in the decline of multiple physiological systems and reduces an organism's ability to respond to stress, assessments are likely to be most informative when the assays integrate the function of multiple systems and when the system(s) under study are stressed in order to reveal functional limits as well as rate of recovery from stress.
Of course, many other considerations need to be taken into account when choosing a panel of tests to assess general health of an aged mouse, such as the age of onset of disability, the difficulty of performing a given assay, the possibility of repeated testing in a longitudinal fashion (particularly problematic in the area of cognitive testing), as well as the technical difficulty of the measurement, its reliability and robustness. These are all addressed, by assay, in the Supplementary Material. One particular matter, sex, deserves special attention given that many interventions have been found to have differential effects depending on sex. For example, sex differences were observed in the effect of rapamycin on many measures of function in C57BL/6 mice, which potentially might be attributed to differences in serum rapamycin concentrations between males and females (14) . The authors strongly recommend that measurements of function be made in both males and females so that sex differences in the rate of functional decline in different domains are taken into consideration.
There was universal agreement at the conference that information on physiological function is required before a manipulation be considered for translation to humans. Does the intervention delay or reduce the age-related changes in physiological functions, and just as important, are there negative side effects associated with the intervention? If so, what are they? It is naïve to expect that an intervention that has the power to increase lifespan will have no side effects; in fact, the concept of antagonistic pleiotropy also suggests that such interventions may reduce the fitness of younger individuals (at least in nonprotected environments). Therefore, it is important to know what side effects are observed in mice so that these parameters can be monitored when taken to a nonhuman primate or humans. For example, rapamycin, which increases lifespan in both male and female mice in several genetic backgrounds (15-17) results in an increased incidence of testicular degeneration (15, 18) , elevated insulin resistance (16) , and increased cataract formation in one study (18) , but not in another study (15) .
While information on how an intervention alters a wide variety of physiological parameters is critical before translating the manipulation to humans, it is not at all clear that healthspan and lifespan data will be concordant or equally relevant to human translation. The difficulty in equating improvements in healthspan to rate of aging is illustrated by recent studies in which the effect of rapamycin on healthspan was measured in more than 200 physiological functions and pathology (14, 15, 18) . While several aging phenotypes were restored by rapamycin (eg, behavior/cognition, several immune parameters, and a number of pathological lesions), many functions were not significantly altered. Interpretations of such "segmental" effects have been controversial (19, 20) and demonstrate the difficulties of extrapolating healthspan and longevity data to establish whether an intervention "alters aging."
Must all processes that change with age need to be reversed or improved? Neither dietary restriction nor rapamycin alters all agesensitive functions/pathologies. Furthermore, if a proposed antiaging drug leads to a rapid improvement in a function before a mouse gets old, then is the improvement in that function really considered as representative as a reduction in the aging process? And, if not all processes have to be altered, what percent of the functional/ pathology measures have to be enhanced/improved for an intervention to be considered as antiaging? Or are some functions, such as, cognition, immune function, and cardiac/muscle function, more important than others in assessing the impact of a manipulation of aging? Finally, do any of these matter, so long as an intervention derived from aging studies, can ultimately deliver a health benefit to humans? To avoid such confusions we propose that the research community abandon the oversimplification of stating that something is "antiaging" or that it "slows aging," but to describe the data as, "treatment X delayed/slowed normal age-related declines in health indicators A, B, and C as well as extended lifespan."
